Single crystals of zinc sulphate monohydrate L alanine and ammonium sulphate L alanine had been grown by slow evaporation technique. The crystalline nature and unit cell parameters of the grown crystals were determined using powder and single crystal X-ray diffraction. The grown crystals retained the orthorhombic crystal system. UV-vis transmittance and second harmonic generation studies were performed to analyze the optical behaviour of the crystals. The Fourier transform infrared spectra were recorded in the region 4000-400 cm −1 to identify the presence of functional groups. Thermogravimetric analysis helped to determine the percentage of decomposition of the sample at different temperatures as well as the thermal stability of the compound. Mechanical and electrical properties of grown crystals were ascertained through the Vickers micro hardness and dielectric studies.
Introduction
Nonlinear optical (NLO) crystals have become the area of current research because of its vital applications in various areas like optical modulation, switching, logic, frequency shifting, and data storage in telecommunications and in signal processing [1, 2] . The development of efficient NLO crystals for visible and ultraviolet region is necessary for both laser spectroscopy and laser processing. Melting point and boiling point of d block elements are high and they are hard in nature. Transition metal atom has partially filled d subshell. Crystals made from transition metal compounds are non-stoichiometric in nature due to variable valence and defects in solid structure. The atoms of small elements like H 2 , B, C, N, etc., fit into the interstitial sites of transition metal lattices. These interstitial compounds resemble the parent transition metal in chemical properties, but differ in physical properties such as hardness and electrical properties [3] . These materials are used for parts requiring considerable fabrication properties such as resistance to corrosion, ease of fabrication (casting, rolling, and forging), strength, weight, colour, thermal and electrical conductivity [4] . Hence, recent researches are concentrated on inorganic materials added with organic counter parts due to their large nonlinearity, high resistance to laser induced damage, low angular sensitivity, and good mechanical hardness [5] . Metal organic compounds have considerable high nonlinear coefficient, stable physico chemical properties and better mechanical indentation [6] . Studies on organo-metallic complexes proved that the formation * corresponding author; e-mail: saguphy@gmail.com of a co-ordination bond can improve their melting point and mechanical properties [7] [8] [9] [10] . In our present study, with an aim of growing mixed crystals of L alanine, zinc sulphate monohydrate L alanine (ZLA) and ammonium sulphate L alanine (ALA) single crystals had been grown by slow evaporation at room temperature and the crystals were subjected to various characterizations.
Materials and methods
Saturated solutions of ZnSO 4 ·H 2 O (57.7 g/100 ml), (NH 4 ) 2 SO 4 (74.4 g/100 ml) and L alanine (16.72 g/100 ml)(MERCK) were prepared using doubly distilled water and filtered twice using Whatman No. 1 filter paper to remove dust particles and undissolved materials. The saturated solutions of ZnSO 4 ·H 2 O and L alanine were taken in the stoichiometric ratio 3:1 (pH 5) and it was allowed to stir for six hours at room temperature using magnetic stirrer (REMI 1 MLH) to get good homogeneity. Similarly, saturated solutions of (NH 4 ) 2 SO 4 and L alanine were prepared in the stoichiometric ratio 3:1 (pH 6). The beakers containing above solutions were covered with perforated sheet to facilitate slow evaporation of the solvent at room temperature. The solutions gradually attained supersaturation due to evaporation which resulted in nucleation followed by the growth of crystals. Transparent single crystals of ZLA and ALA were harvested after a time span of 33 and 47 days, respectively. The expected chemical reactions are given below:
The photographs of as grown single crystals of ZLA and ALA are shown in Fig. 1a and b, respectively. The dimensions of the grown single crystals ZLA and ALA were found to be 10 × 12 × 7 mm 3 and 38 × 5 × 6 mm 3 , respectively. 
Results and discussions
Various characterisation studies were carried out for the grown crystals and the results are discussed hereunder.
Powder X-ray diffraction
In the present study, finely crushed powder of ZLA and ALA were subjected to powder X-ray diffraction (XRD) analysis. The samples were scanned over the range of 10-70
• at a scan rate of 1 • /min using Richseifert diffractometer with Cu K α (λ = 1.5406 Å) radiation. The XRD patterns of ZLA and ALA are shown in Fig. 2a and b. XPowder software was utilized to index the peaks. The sharp peaks confirmed the crystalline nature of the grown materials. The change in the peak heights, small change in intensity and the additional peaks of ZLA and ALA samples from that of L alanine are noticed [11] . This indicates the inclusion additives in the grown ZLA and ALA crystals.
Single X-ray diffraction
The as-grown crystals of ZLA and ALA have been subjected to single crystal XRD employing a Bruker AXS diffractometer using Mo K α radiation (λ = 0.71073 Å). The single crystal XRD reveals that the crystals ZLA and ALA belong to orthorhombic system. The lattice parameter values are given in Table I . It is observed that there is small change in the lattice parameters and cell volume in the grown ZLA and ALA crystals compared to that of L alanine. The results are in good agreement with the reported values [12, 13] .
TABLE I
Cell parameters of the grown crystals (all orthorhombic, 
UV-visible spectral analysis
The optical transmission spectrum of the grown ZLA and ALA crystals were recorded using Shimadzu UV-vis spectrophotometer between the wavelength ranges of 200 and 800 nm and is shown in Fig. 3 . From the UV transmittance spectrum, it is found that the grown crystals are highly transparent in the wavelength range of 240-800 nm. The cut-off wavelength for ZLA is 220 nm and ALA is 203.5 nm. The transparency of ZLA is 86% and that of ALA is 91%. Hence the grown crystals have wide transparency range both in UV and visible region. This is one of the key requirements for NLO crystals [11] .
Second harmonic generation studies
The Kurtz and Perry method was employed to measure second harmonic generation (SHG) efficiency of the grown single crystals. The fine-powdered crystals were tightly packed in a microcapillary tube and it served as the sample cell. This cell was mounted in the path of Nd:YAG laser beam of energy 1.9 mJ/pulse with pulse width of 10 ns and repetition rate of 10 Hz. The emission of green radiation confirmed the presence of SHG in the grown ZLA and ALA crystals. The SHG efficiency of ZLA and ALA crystals are about 76% and 70% of that of KDP respectively which is almost double that of L alanine [14, 15] .
FTIR spectral analysis
The infrared spectroscopy is effectively used to identify the functional groups present in the samples. The FTIR spectra of the grown crystals ZLA and ALA were recorded in the frequency region 4000-400 cm −1 using Perkin Elmer spectrometer and are shown in Fig. 4a and b, respectively. Comparative band assignments of grown crystals are given in Table II . For the crystal ZLA the peaks at 2291 and 2252 cm −1 correspond to asymmetric stretching of zinc coordinated NH 2 and COO − [16] . The incorporation of sulphur was confirmed in both the crystals ZLA and ALA by the presence of vibrations corresponding to S=O, S-O and SO − 4 as shown in Table II [17] . The normal vibration of the free SO 2− 4 has four internal vibrations, the symmetric stretching mode, the symmetric bending mode, the asymmetric stretching mode, and the asymmetric bending mode [18] . In the grown crystal ZLA, the peak observed at 1010 cm −1 is attributed to the symmetric stretching mode of SO [7, 17, 19 ].
Thermal characterization
Thermogravimetric analysis (TGA) gives information regarding phase transition and different stages of decomposition of the crystal system [20] . The TGA was carried out using a Perkin-Elmer thermal analyzer in nitrogen atmosphere up to 700
• C at a heating rate of 20
• C/min. In the TGA curve of ZLA (Fig. 5a ) there are three stages of decomposition of the crystal. In the first stage, there is a weight loss of about 23% in the temperature range of 77
• C to 100
• C due to dehydration of the crystal [17] . It is observed that there is no appreciable weight loss in the temperature range of 100 
The Vickers microhardness studies
The hardness of the crystals depends on type of chemical bonding, lattice energy, the Debye temperature, heat of formation, and inter atomic spacing. Microhardness test provides information about the mechanical properties like elastic constants, yield strength, resistance, and pressure of the materials. The Vickers hardness test is the most common and reliable method for hardness measurement of single crystals [24] . The microhardness of the grown crystals was measured using a Shimadzu microhardness tester with a diamond indenter. In the present work, well polished crystals ZLA and ALA were mounted on a platform of the microhardness tester and indentations were made on the grown crystals for three loads 25, 50, and 100 g and indentation time given was 10 s. The length of the two diagonals of diamond indenter was measured and the average was found out. For a particular load, at least two well defined indentations were considered and the average value (d) was calculated.
The Vickers hardness number was determined using the expression
where P is the applied load, d is the average diagonal length of the indentation marks and the result is plotted (Fig. 6a) . From the graph, the hardness value increased with the increase of load and hence the grown crystals exhibited the reverse indentation size effect (RISE) [25] . According to the Meyer law, the relation between the load and size of indentation is P = k 1 d n , where k 1 is the material constant, n is the Meyer index or work hardening coefficient. The above relation shows that H V should increase with load if n > 2 and decrease with load when n < 2. The plot of log P versus log d is shown in Fig. 6b . The slope of the line (the Mayer index n) for the grown crystal of ZLA is 3.61 and that of ALA is 2.32. From this we can say that the grown crystals ZLA and ALA belong to soft materials [26] . Elastic stiffness constant (C 11 ) was calculated by the Wooster empirical relation as
V . Hardness number and stiffness constant values of grown crystals for different loads are given in Table III . From the table, it is clear that the stiffness constant increases with increase in load. Hence the high value of C 11 indicates that the binding forces between the ions are quite strong [25, 27] . Hence it is confirmed that the mechanical properties like hardness number and stiffness constant are changed considerably for the grown crystals ZLA and ALA compared to pure L alanine single crystals. This change in the hardness can be attributed due to the incorporation of impurities in the lattice of L-alanine. It is in good agreement with theoretical prediction [20] . 
Dielectric studies
The conventional parallel plate capacitor method was employed by coating the silver paste on the opposite faces of the crystal to establish contact between crystal and electrodes using a HIOCKI 3532-50 LCR HITESTER instrument. The variation of dielectric constant (ε r ) and dielectric loss (tan δ) were measured for the crystals ZLA and ALA at room temperature as a function of frequency range of 100 Hz to 5 MHz (Fig. 7a and b and Fig. 8a and b). Dielectric constant was calculated using the relation ε r = Ct ε0A , where C is capacitance, t is thickness of the sample, ε 0 = 8.854 × 10 −12 F m −1 is permittivity of free space and A is the area of cross-section. It is seen that dielectric constant value is high at low frequencies and decreases exponentially and stabilizes. At high frequencies the electronic, ionic, dipolar, and space charge polarizations are predominant. Of all these polarizations only space charge is active at lower frequencies and there is loss of significance of other three polarizations which may lead to low value of dielectric constant at higher frequencies [28] . It is clear from Fig. 7a and b that the value of dielectric constant of the crystal ZLA is much higher than that of ALA which is an evidence for the inclusion of metal ions in to the crystal lattice. Materials with high dielectric constant at low frequency (ZLA) find applications in heating devices [29] . Due to its lower dielectric constant value, the crystal ALA finds application in the field of microelectronics [30] .
The dielectric loss was also studied as a function of frequency at room temperature, as shown in Fig. 8a and b. These curves suggest that the dielectric loss strongly depends on the frequency of the applied field, similar to dielectric constant [31] . The low value of dielectric loss at high frequencies suggests that the sample enhances optical quality with lesser defects and this parameter is of vital importance for NLO applications [25, 32, 33] . The nature of decrease of dielectric constant and dielectric loss with frequency suggest that the grown crystals seem to contain dipoles of continuously varying relaxation times. As the dipoles of larger relaxation times are not able to respond to the high frequencies, dielectric constant and dielectric loss are low at high frequencies [28] . The above result is in accordance with literature [11, 34] . Owing to lower dielectric constant and dielectric loss, ZLA and ALA can be preferred for use in ferroelectric and optoelectronic applications [32] .
Conclusion
Good optical quality single crystals of ZLA and ALA were grown by slow evaporation solution growth method at room temperature. The dimension of ALA crystal is larger compared with ZLA crystal. Powder XRD pattern confirms the crystalline nature and from the data, various angles of reflection were found out for both the grown crystals. Single crystal XRD study established the crystal system of both these crystals as orthorhombic. From UV-visible transmission spectra, the width of transmission window is enhanced due to doping and it is more for the crystal ALA than ZLA. SHG analysis confirmed the NLO behaviour of the grown crystals. This property can be used for frequency doubling and other optical applications. The presence of various functional groups stand confirmed from FTIR spectrum. Thermal analysis proved that the crystal ALA is more stable (up to 240
• C) than the crystal ZLA (up to 77
• C). The Vickers microhardness study revealed the softness of the grown crystals and the variation of hardness coefficient and stiffness constant with load. Low dielectric constant and dielectric loss at high frequencies were ascertained through dielectric studies which paved the way to use the above crystals for ferroelectric, optoelectronic and microelectronics applications.
